Previous studies have shown two homologous chromodomain modules in the HP1 and Polycomb proteins exhibit discriminatory binding to related methyllysine residues (embedded in ARKS motifs) of the histone H3 tail. Methylated ARK(S/T) motifs have recently been identified in other chromatin factors (e.g. linker histone H1.4 and lysine methyltransferase G9a). These are thought to function as peripheral docking sites for the HP1 chromodomain. In vertebrates, HP1-like chromodomains are also present in the chromodomain Y chromosome (CDY) family of proteins adjacent to a putative catalytic motif. The human genome encodes three CDY family proteins, CDY, CDYL, and CDYL2. These have putative functions ranging from establishment of histone H4 acetylation during spermiogenesis to regulation of transcription co-repressor complexes. To delineate the biochemical functions of the CDY family chromodomains, we analyzed their specificity of methyllysine recognition. We detected substantial differences among these factors. The CDY chromodomain exhibits discriminatory binding to lysinemethylated ARK(S/T) motifs, whereas the CDYL2 chromodomain binds with comparable strength to multiple ARK(S/T) motifs. Interestingly, subtle amino acid changes in the CDYL chromodomain prohibit such binding interactions in vitro and in vivo. However, point mutations can rescue binding. In support of the in vitro binding properties of the chromodomains, the full-length CDY family proteins exhibit substantial variability in chromatin localization. Our studies underscore the significance of subtle sequence differences in a conserved signaling module for diverse epigenetic regulatory pathways.
are associated with spermatogenic failure and male infertility (1, 4, 5) . One gene that is present in multiple copies on the human Y chromosome is CDY, 5 which exhibits testis-specific expression (1) . Interestingly, the mouse Y chromosome does not encode CDY, suggesting a developmentally advanced usage of CDY in primates (3) .
The human CDY gene seems to be derived from the autosomal homologs CDYL or CDYL2 (Fig. 1, A and B) (6) . CDYL is ubiquitously expressed, whereas CDYL2 exhibits selective expression in tissues of testis, prostate, spleen, and leukocytes (6) . The mouse genome also encodes related CDYL and CDYL2 genes (Fig. 1B) . The presence of CDY-like genes appears to be a hallmark of echinoderm and vertebrate genomes. In sea urchin and chicken genomes we found only one CDY-like gene that corresponds to mammalian CDYL2 (Fig. 1B) .
CDY family proteins have two conserved domains implicated in histone modification and recognition; that is, a chromodomain followed by an enoyl-coenzyme A hydratase/isomerase (ECH) putative catalytic domain (Fig. 1A) . Previously, it was shown that the chromodomain of human CDY interacts with methylated lysine 9 of the histone H3 tail (H3K9me) (7) . The ECH domain has been implicated in conflicting chromatin modification processes. One function of this domain is acetylation of germ line histone H4 (8) . Another function is direct recruitment of histone deacetylases to sites within somatic cells (9) .
Epigenetic control of gene expression hinges on effecter recognition modules that help establish appropriate methyllysinedependent interactions with chromatin (for review, see Ref. 10) . The HP1 and Polycomb chromodomains (Fig. 1B) , which are similar to the chromodomains of CDY family proteins, distinguish two methylated lysine residues within ARKS motifs in the H3 tail (H3K9me and H3K27me) (11) (12) (13) (14) (15) (16) . Sequences immediately preceding the ARK(S/T) motif impact on the specificity of chromodomain interactions. HP1 chromodomains are subject to a binary methyl-phos switch as they are prohibited from interaction with H3K9me3 upon phosphorylation of the adjacent serine 10 in the H3 tail (H3S10ph) (17) (18) (19) (20) .
Additional complexity in epigenetic control arises from usage of histone variants. For example, substitutions of histone H3 with variants results in indexing of chromatin for transcriptional activation or repression (22, 23) , and an H3 barcode hypothesis has been proposed (24) . In human testis, three somatic histone H3 variants (H3.1, H3.2, and H3.3) are encoded together with a testis-specific subtype (H3t) (25) . These variants have no amino acid changes N-terminal to the ARKS motifs, except in the H3t subtype. Although mass spectrometry has identified in vivo methylation of H3tK27 (26) , an effector binding module has not yet been reported. Another lysinemethylated ARKS motif is found in the N-terminal tail of a linker histone H1 subtype in humans (H1.4K26) (27, 28) .
An ARKT mimic of H3K9me has also been identified in the lysine methyltransferase G9a (G9aKme), suggesting a broader usage of ARK(S/T) motifs in human epigenetic signaling (29, 30) . The G9aKme is targeted by the HP1 chromodomain in one transcriptional co-repressor complex (30) . Interestingly, the human CDYL protein was also found associated with G9aKme in pulldown experiments from cellular extracts.
Because methylation of lysine residues within numerous ARK(S/T) motifs appears to orchestrate complex epigenetic pathways (for review, see Refs. 29, [32] [33] [34] , determining the specificity of effectors may be a paradigm for understanding epigenetic signaling. Using a series of in vitro and cell-based assays, we studied the biochemical specificity of the chromodomains in the CDY family proteins. Our studies reveal a surprising variability in discriminatory interactions of CDY and CDYL2 chromodomains with methylated ARK(S/T) motifs.
EXPERIMENTAL PROCEDURES
Antibodies-Polyclonal antibodies specific for H3K9me3 were a gift from Dr. Thomas Jenuwein (IMP Vienna). The monoclonal antibody against mouse HP1␣ was obtained from Chemicon, and the monoclonal anti-FLAG antibody was purchased from Sigma.
Peptide Preparation-The sequences of the synthetic peptides corresponding to histone tails are listed below. A nonnative tyrosine residue at the C terminus of each peptide was used for concentration determination by UV absorption measurements. Peptides were labeled with fluorescein as previously described (13) ). Fluorescence polarization binding assays were performed under conditions of 20 mM imidazole, pH 8.0, 25 mM NaCl, 2 mM dithiothreitol and in the presence of 100 nM fluorescein-labeled peptide following a previously described protocol (13) . Data were obtained using a Teacan Polarion 96-well plate reader or a Hidex Chameleon II plate reader (100 flashes). Sample plates were kept on ice until fluorescence reading at room temperature. Titration binding curves were analyzed using KaleidaGraph (Synergy Software) as previously described (13) .
Isothermal Titration Calorimetry-Isothermal titration calorimetry (ITC) experiments were carried out as described previously using a VP-ITC instrument (MicroCal) (13) . Chromodomains of CDY or HP1 were dialyzed against 50 mM sodium phosphate, pH 8.0, 25 mM NaCl, and 2 mM dithiothreitol. Peptides were purified by gel filtration in water (G10 resin, GE Healthcare), lyophilized, and dissolved in the chromodomain dialysis buffer. Exothermic heats of reaction (cal/s) were measured at the indicated temperatures by automated sequencing of 30 injections of the H3 peptides (750 M), each 10 l, spaced at 2-min intervals, into 1.41 ml of chromodomain (CDY at 60 M; HP1 at 70 M). Binding curves were analyzed by non-linear least squares fitting of the data using the Origin (MicroCal) software package.
Cell Transfection-NIH3T3 (American Cell Culture Collection) and mouse embryonic fibroblast (a kind gift of Dr. Thomas Jenuwein, IMP Vienna) cells were grown at 37°C in a humidified atmosphere, 5% CO 2 using Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum, 2 mM glutamine. Cells were transfected using Lipofectamine 2000 as instructed by the manufacturer (Invitrogen).
Immunofluorescence-For immunofluorescence staining, cells were grown and transfected on glass coverslips. 48 h posttransfection, cells were fixed in solution I (1ϫ PBS, 3.7% formaldehyde, 1% Triton X-100, 2% Nonidet P-40) for 10 min and then washed in 1ϫ PBST (PBS, 1% Triton X-100) for 3 ϫ 10 min. Slides were blocked for 1 h (1ϫ PBST, 5% goat serum, 2% bovine serum albumin) and incubated with the indicated primary antibodies overnight in a humidified atmosphere. Dilutions for primary antibodies were anti-H3K9me3 (1:1500), anti-HP1␣ (1:2000) , and anti-FLAG (1:500). Slides were washed in 1ϫPBST for 3 ϫ 10 min and incubated with the appropriate secondary antibodies (Molecular Probes, Jackson ImmunoResearch) for 2 h in a humidified atmosphere. After washing in 1ϫ PBST, DNA was stained with DAPI (1 g/ml) for 10 s. Pictures were taken on a Leica SP5 confocal microscope or a Zeiss Axiopod II both equipped with 60ϫ lenses.
RESULTS

Variability in Binding to H3 Methylated on Lys-9-
The CDY class of chromodomains exhibits high homology to HP1 and Polycomb chromodomains (Fig. 1B) . Three aromatic residues were shown to be necessary for assembling a methyllysine binding aromatic cage in HP1 and Polycomb chromodomains (11, 12, 16) . Interestingly, the chromodomains of the CDYL proteins do not have the first aromatic cage residue, suggesting substantial difference in the function of this factor. A threedimensional structure corresponding to the chromodomain of CDYL2 has been deposited in the protein data bank (PDB accession code 2dnt). We prepared a superposition of the CDYL2 structure with the peptide-bound structure of the HP1 chromodomain involving an H3K9me3 peptide (11) (Fig. 1C ). This comparison established that CDYL2 and, by homology, CDY and CDYL chromodomains, despite a moderate sequence identity (ϳ42%), have tertiary structures similar to HP1. Whereas HP1 and Polycomb chromodomains are 50-residue modules, the CDY family chromodomains are 55-residue mod- Three stars above the sequence mark the positions of the aromatic cage residues. Secondary structure elements above the sequence correspond to that deduced for CDYL2 (from PDB code 2dnt). The accession codes are: human CDY, Q9Y6F8; Macaque CDY, AJ31484;, human CDYL, Q9Y232; mouse CDYL, Q9WTK2; human CDYL2, AK096185; Macaque CDYL2, AY271718; mouse CDYL2, AK015452; chicken CDYL2, XP_418964; sea urchin CDYL2, XP 781347. C, backbone superposition of the three-dimensional structure of the human CDYL2 chromodomain (green, from PDB code 2dnt) on the structure of the Drosophila HP1 (from PDB code 1kne) chromodomain (pink) bound to an H3K9me3 peptide (black). D, interaction of recombinant human CDY family chromodomains with an H3K9me3 peptide as measured by fluorescence polarization. Averages from at least three independent measurements are plotted. See Table 1 for dissociation constants.
ules containing a longer C-terminal ␣-helix (Fig. 1B) . Previously, binding of the CDY chromodomain to H3K9me2 and H3K9me3 peptides was identified through protein microarray analysis (7) .
To determine the specificity and affinity for methylated histone lysine residues among the three CDY family members, recombinant chromodomains of CDY, CDYL, and CDYL2 were expressed in bacteria and purified. Because the CDYL chromodomain has an incomplete aromatic cage plus an N-terminal extension (Fig. 1, A and B) , we prepared a recombinant construct that included the N terminus of the protein together with the chromodomain module. Recombinant proteins were used in fluorescence polarization assays to measure equilibrium binding to fluoresceinated synthetic peptides corresponding to the histone H3 tail. The binding data are shown in Fig.  1D , and the dissociation constants are listed in Table 1 . In accordance with sequence prediction and the presence of an incomplete aromatic cage, we measured no binding of the CDYL chromodomain to H3K9me3 (K D Ͼ 500 M). Surprisingly, we measured a substantial difference in the dissociation constants associated with CDY and CDYL2. The interaction of the CDY chromodomain with the H3K9me3 peptide is 8-fold stronger than that of CDYL2. The results confirm subtle sequence differences among CDY family chromodomains, impacting on their interaction with methylated histone tails. The binding studies potentially implicate each CDY family member as part of distinct chromatin modification pathways.
To compare the binding affinity of the chromodomain constructs with that of the full-length proteins, we prepared recombinant full-length CDY and CDYL2 (Fig. 2 ) and measured binding to the H3K9me3 peptide by fluorescence polarization (Fig. 2) . As observed for the chromodomain fragments, the full-length CDY protein displayed a significantly stronger binding (by 10-fold) compared with the full-length CDYL2 protein. These results reveal the chromodomain of CDY and CDYL2 are able to bind to methylated ARK(S/T) motifs autonomously.
Distinct in Vivo Distribution of CDY, CDYL, and CDYL2 Proteins-Given the CDYL chromodomain does not bind to the H3K9me3 peptide and the CDY chromodomain binds more avidly than the CDYL2 chromodomain, we investigated the in vivo localization of these proteins in relation to heterochromatin in mammalian systems. We made use of mouse fibroblast cells (NIH3T3 and MEF cells) that show a distinct pattern of DNA-dense, pericentromeric heterochromatin regions in the nucleus. These coincide with local enrichment of H3K9me3 modification. The distribution of CDY family proteins in these cells was compared using transiently expressed fusion constructs that encode their full-length polypeptides with a C-terminal FLAG tag. As Fig. 3 shows, all three fusion proteins displayed an exclusively nuclear distribution (see also supplemental Fig. S1 ).
In all cells inspected, we detected the transiently expressed CDY protein excluded from the nucleoli and enriched at the many large DAPIdense regions reminiscent of the endogenous HP1␣ protein (17) (supplemental Fig. S2 ). Previously, Kim et al. (7) also showed CDY and Fig. S2B) . Interestingly, the CDYL2 protein was found throughout the nucleus in a punctate distribution pattern with pronounced cell-to-cell variation. Whereas some nuclei displayed granular staining of CDYL2, others showed larger areas of CDYL2 enrichment (Figs. 3C and supplemental Fig. S3C ). Although CDYL2 enrichment at DAPI dense regions was less pronounced as compared with CDY, all cells analyzed exhibited some CDYL2 co-localized with regions of H3K9me3. Together, these observations underscore substantial differences in chromatin recognition and binding of the CDY family proteins.
CDY and CDYL2 Are Differentially Sensitive to the Degree of Lysine Methylation-The level of methylation (mono-, di-, or trimethylation) of lysine residues in histone tails is important for chromatin regulation (10, 35) . We, therefore, measured the binding affinities of CDY and CDYL2 as a function of the methylation level on H3K9. Previous studies as well as data listed in Table 2 indicate that the HP1 chromodomain exhibits 2-3-fold reduced interaction with H3K9me2 peptide as compared with H3K9me3 peptide, whereas the binding to H3K9me1 peptide is substantially weaker. We found CDYL2 to resemble these features in HP1 (Table 1) . However, the CDY chromodomain showed 20-fold stronger binding to H3K9me1 as compared with CDYL2. Interestingly, the binding of CDY to the H3K9me1 peptide is as efficient as the binding of CDYL2 or HP1 to the H3K9me3 peptide (Tables 1 and 2) .
To determine the thermodynamic basis for the unusually strong binding of CDY to the methylated H3 tail, we performed isothermal titration calorimetry. We studied the chromodomains of CDY and Drosophila HP1 proteins under identical solution conditions (Table  2 ). These measurements showed CDY binds the H3K9me3 peptide 8-fold stronger than HP1. The free energy of binding to the H3 tail is more favorable for CDY by 1.2 kcal/ mol. Isothermal titration calorimetry measurements of CDY binding to the H3K9me3 peptide at five different temperatures allowed us to estimate the heat capacity of binding (⌬C p ϭ Ϫ0.22 kcal/mol⅐K). The small ⌬C p suggests negligible conformational changes occur in the CDY chromodomain upon binding to the H3 tail, a result in close agreement with that found for Drosophila HP1 (11, 36) .
Using calorimetry, we found the enthalpy of binding to the H3K9me3 peptide is substantially more favorable for CDY than for HP1. This finding emphasizes the FIGURE 3. Differential nuclear distribution of CDY family proteins. FLAG-tagged human CDY (A), human CDYL (B), or mouse CDYL2 (C) were transiently expressed in NIH3T3 cells. Immunostaining with anti-FLAGspecific antibodies (green) and anti-H3K9me3 (red)-specific antibodies was analyzed by confocal microscopy. The merged image corresponds to the overlay of the two color channels. Yellow areas indicate colocalization sites for CDY family proteins with H3K9me3 modification. Cells of medium expression level representative for the nuclear distribution of the CDY family proteins are shown (see supplemental Fig. S1 for more images) . DNA inside the cell nucleus was stained with DAPI and defines areas of high DNA density that are presumed to be heterochromatic. Scale bar, 10 m.
TABLE 2 Thermodynamic parameters for binding to H3 peptides methylated on Lys-9
Isothermal titration calorimetry analysis of the human CDY chromodomain is compared with the Drosophila HP1␣ chromodomain under identical solution conditions. ability of CDY to establish more favorable polar interactions with the H3 tail than those used by HP1. Previous studies have shown that recognition of methyllysine by the HP1 chromodomain is driven by cation-interactions between the methylated ammonium group of methylated H3K9 and the side chains of three aromatic residues (11, 16) . The magnitude of the cationinteraction depends on the electron density of the aromatic ring, which can substantially vary from a tyrosine to a phenylalanine as well as the degree of solvent exposure in the interaction site (37, 38) . Whereas both CDYL2 and HP1 have a tyrosine at the first position of the aromatic cage, this position in CDY is substituted with a phenylalanine residue (Fig. 1B) . Interestingly, this phenylalanine residue in CDY is further positioned between two polar (glutamic acid) residues that appear to improve solvent exposure of the aromatic cage. Together, these observations suggest that subtle amino acid changes surrounding the aromatic cage can lead to substantial differences in the strength of the cation-interactions between chromodomains and methylated lysine residues. CDY and CDYL2 Respond to a Binary Switch-A binary switch mechanism has been associated with the simultaneous presence of the H3K9me3 and H3S10ph modifications on the same histone tail (H3K9me3S10ph) (19, 20) . Human HP1 variants are unable to interact with chromatin during mitosis because of the overwhelming presence of serine 10 phosphorylation (17, 18) . In addition to its relevance to mitosis, H3S10ph is associated with transcriptionally active chromatin (10) . To investigate the response of CDY and CDYL2 to such a binary switch, we performed additional fluorescence polarization binding assays. We found that both CDY and CDYL2 chromodomains are sensitive to the presence of H3S10ph. The binding to the H3K9me3S10ph peptide is 76-fold weaker for CDY and 100-fold weaker for CDYL2 as compared with binding to the H3K9me3 peptide (Table 1) .
Protein
CDY and CDYL2 Chromodomains Bind to a Similar Fragment of the H3 Tail-The comparison of the structure of the CDYL2 chromodomain with that of HP1 suggests that H3 tail residues 5 through 10 should be sufficient for binding to CDY and CDYL2 chromodomains (11) (Fig.  1C) . The interaction of CDY and CDYL2 chromodomains with the H3 tail involves one residue C-terminal to the methyllysine, serine 10. As discussed above, serine 10 phosphorylation has a major impact on binding affinity. To determine to what extent residues N-terminal to the methyllysine could impact on CDY and CDYL2 interaction with the H3 tail, we tested the influence of an adjacent modification on binding affinity, the presence of methylation at H3K4. We performed additional fluorescence binding assays using a peptide with simultaneous dimethylations at H3K4 and H3K9 (H3K4me2K9me2 peptide). As listed in Table 1 , binding of CDY and CDYL2 chromodomains to the H3K4me2K9me2 peptide is nearly the same as interaction with H3K9me2, ϳ1.2-fold weaker. This finding suggests residue 4 of the H3 tail (position n-5) does not impact on the binding of CDY and CDYL2 to the H3 tail, similar to what has been observed for the interaction of Drosophila HP1 with the H3 tail (11) .
Point Mutations Rescue CDYL Binding to the H3 Tail- Table  2 shows that we could not measure appreciable binding of the CDYL chromodomain to any methylated H3K9 peptide or the unmethylated peptide. We speculated that the critical contributing factor might be the absence of one of the residues in the aromatic cage (Fig. 1B) . Given the 70% sequence identity between CDYL and CDY, we asked whether the H3 tail could bind to CDYL using alternate histone H3 modifications. We concentrated on methylated H3K4 (H3K4me3) and acetylated H3K9 (H3K9ac) modifications, as both modifications are found associated with the histone H3.3 variant within transcriptionally active chromatin. As shown in Table 1 , we found no appreciable binding of CDYL to either of these peptides. We then asked whether the N-terminal extension of the chromodomain in CDYL could interfere with binding interactions. By preparing a separate recombinant construct of human CDYL that excluded the N-terminal extension, we measured the affinity for methylated and unmethylated H3 peptides again and observed no substantial differences (data not shown). The corresponding recombinant chromodomain of the mouse CDYL also did not bind to the H3K9me3 peptide (data not shown).
We then asked whether we could establish efficient binding of the CDYL chromodomain to the H3K9me3 peptide by using site-directed mutagenesis. We used the CDY sequence as a guide to prepare point mutations in CDYL. To restore the aromatic cage, we prepared a Leu-61 to Phe mutant (position 4 in the chromodomain; Figs. 1B and 4A ). This mutant exhibits negligible improvement in binding affinity for the H3K9me3 peptide ( Fig. 4B and Table 3 ). In the structure of the complex of HP1 with the H3 tail, the side chain of the residue preceding the first aromatic residue is a Glu (position 3 in the chromodomain), which forms intermolecular hydrogen bond with the backbone of Lys 9 (Fig. 4A) . Glu-3 also improves solvent exposure at the binding pocket of the HP1 chromodomain. Because this residue is substituted with an Ala in human CDYL, we tested the effect of an Ala to Glu mutation for binding to the H3K9me3 peptide and measured a small but noticeable improvement in binding (factor of 3) (Fig. 4B) . Subsequently, we prepared a double mutant of CDYL with substitutions at both positions 3 and 4 of the chromodomain and found a synergistic effect (30-fold improvement in binding) (Fig. 4B,  Table 3 ).
Because the mutation of the CDYL chromodomain residue 3 exhibited a synergistic effect with the addition of the aromatic residue 4, we hypothesized mutations at residues 1 and 2 may further improve solvent exposure of the peptide binding pocket, impacting cation-interactions. Therefore, we prepared four simultaneous mutations in CDYL to convert residues 1-4 to those of the CDY chromodomain (P1S,P2Q,A3E,L4F, Fig. 1B ). This mutant CDYL exhibited a further 10-fold improvement in binding to the H3K9me3 peptide (Fig. 4B, Table 3 ). As compared with CDY, this mutant CDYL bound only 4-fold weaker to the H3K9me3 peptide, yet the binding was 2-fold stronger than that measured for CDYL2.
To test the affinity of these CDYL mutants for H3K9me3 in a cell-based assay, we transiently expressed full-length CDYL polypeptides bearing the A3E,L4F and P1S,P2Q,A3E,L4F mutations in NIH3T3 cells. As Fig. 5 shows, both mutant proteins were exclusively localized to the cell nucleus and were excluded from the nucleoli as was the wild-type CDYL protein (Fig. 3B) . Interestingly, the nuclear distribution of the mutant proteins in relation to the DAPI dense areas and regions of pericentric heterochromatin with H3K9me3 varied among different cells. Three types of localization patterns for CDYL mutants could be observed (Fig. 5C) . In a substantial number of cells, both mutants showed diffuse staining (type I) that was excluded from pericentromeric heterochromatin and is reminiscent of the wild-type CDYL protein (Figs. 3B and 5) . Interestingly, in some cells the A3E,L4F mutant CDYL showed some overlap with DAPI dense regions and H3K9me3 modification as indicated by the yellow areas in the merged images (type II). Although the P1S,P2Q,A3E,L4F mutant CDYL exhibited both type I and type II localization patterns, it also showed punctate overlap with pericentromeric heterochromatin (type III), reminiscent of the CDY protein (Fig. 3A) . Overall, the gradual changes in subnuclear localization observed support the biochemical function of these point mutations.
Other Potential Binding Sites for CDY and CDYL2 in Chromatin-In addition to H3K9me3, other lysine-methylated ARK(S/T) motifs depicted in Fig. 6A may recruit CDY family chromodomains. Therefore, we measured dissociation constants for the binding of CDY, CDYL2, wild-type CDYL, and the mutant CDYL chromodomains to four additional peptides (Fig.  6B, Tables 1 and 3) . We found the binding of the CDY chromodomain to H3K27me3 and H3tK27me3 peptides to be 150-and 15-fold weaker, respectively, than binding to the H3K9me3 peptide. Interaction of CDY chromodomain with the H1.4K26me3 peptide was also found to be 20-fold weaker than binding to the H3K9me3 peptide. Surprisingly, the CDY chromodomain bound to the G9a-K185me3 peptide with dissociation constant similar to that found for the H3K9me3 peptide (Fig. 6B) . When we compared binding differences among monomethylated peptides, we found the dissociation constant for binding of CDY to H3K9me1 and G9a-K185me1 peptides are significantly different, 3.4 and 36 M, respectively. Together, these results suggest the CDY chromodomain is capable of discriminating between various lysine-methylated ARK(S/T) motifs.
Interestingly, the CDYL2 and the mutant CDYL chromodomains are substantially less selective than the CDY chromodomain in binding to different ARK(S/T) motifs (Fig. 6B ). Among the peptides tested, the H3K27me3 peptide showed the weakest interaction for all CDY family chromodomains. Although the CDYL2 chromodomain exhibits similar binding to G9a-K185me3, H1.4K26me3, H3tK27me3, and H3K9me3 peptides, the mutant CDYL chromodomain is able to discriminate and bind strongly to the H3K9me3 peptide. The variability in dissociation constants listed in Tables 1 and 3 underscores the role of sequence differences in CDY family chromodomains for the specificity of their interactions with modified histone tails.
DISCUSSION
The expansion of HP1-like chromodomains in diverse proteins of higher eukaryotes suggests an increase in complexity of epigenetic regulatory pathways from lower to higher eukaryotes. The human genome contains the largest number of HP1-like chromodomains that are encoded by 16 different genes, and these encode proteins belonging to 5 different families, HP1, Suv91, Polycomb, CDY, and MPP8 (supplemental Fig. S3 ). Among these factors, HP1 and Suv91 are typically found associated with H3K9me3 regions of chromatin. The CDY and MPP8 families appear to be hallmarks of vertebrate genomes. The origin of their expansion into multiple variants is not well known. Previously, an evolutionary tree was delineated for the human CDY family genes, which suggested CDYL is the ancestor of CDY and CDYL2 (6) . This would suggest that evolutionary forces first abolished methyllysine binding in an HP1-like chromodomain to formulate CDYL; subsequently methyllysine binding was gained in CDYL2 and CDY. This order of events is unlikely because the genomes of simple vertebrates like sea urchin or chicken encode only one CDY family gene whose sequence suggests full capability of binding to lysinemethylated ARK(S/T) motifs (Fig. 1B) . Therefore, we assume CDYL2 is the ancestor of CDY and CDYL proteins.
The CDYL chromodomain is unable to bind to any lysinemethylated ARK(S/T) motif. We identified mutations in the CDYL chromodomain that can impact the interaction of the full-length protein with H3K9me3 regions of chromatin, suggesting its chromodomain is significant for cellular localization. Previous studies have implicated CDYL in transcriptional corepressor complexes containing multiple chromatin modification enzymes and docking factors (39) . Interestingly, the CDYL protein co-purified with the methylated G9a protein in human cell extracts (30) . Together these results suggest the combined action of another factor could make up for the missing portion of the CDYL binding pocket. This may be related to a study on the yeast histone deacetylase complex Rpd3S, where the combined action of a PHD finger and a chromodomain from two different polypeptides has been suggested to regulate binding to H3K36me3 modification (40) .
Although human CDY and CDYL2 chromodomains are able to recognize a variety of lysine-methylated ARK(S/T) motifs, there are substantial differences in their binding specificities. We found that the CDY chromodomain preferentially binds to the H3K9me3 peptide, whereas CDYL2 can equally interact with H3K9me3, H3tK27me3, and H1.4K26me3 peptides. Studies on mouse polycomb (Pc) variants also showed substantial diversity in binding selectivity toward H3K9me3 and H3K27me3 (21) . For example, Pc1 (Cbx2) showed equal binding to H3K9me3 and H3K27me3, whereas Pc2 (Cbx4) showed a 3-fold stronger binding to H3K9me3 (21) . The mammalian Pc proteins are believed to contribute to chromatin architecture on the inactive X chromosome and reflect assembly of facultative heterochromatin using H3K9me3 and H3K27me3 modifications (21) . The same chromatin modifications also seem to contribute to chromatin regulation during spermatogenesis (41, 42) . Additional studies are required to determine how variability in methyllysine recognition by CDY, CDYL, and CDYL2 could impact on their functions in chromatin regulation in testis. Acetylation of histone H4 during spermatogenesis is suggested to hinge on the expression of CDY and CDYL, and these polypeptides are unique for their ability to link a repressive modification like H3K9me3 with that of histone H4 acetylation (8) . Enrichment of CDY variants in testis might contribute to genomic imprinting, which leads to appropriate transcription of paternally derived genes (for review, see Refs. 31, 32, and 43) . Unfortunately, at present only limited knowledge is available on the features of chromatin in human male germ cells.
Recently, we reported substantial evolutionary differences in the binding abilities of CHD double chromodomains that correlate with limited amino acid changes (44) . These observations are consistent with complex control mechanisms associated with signaling enzymatic function in higher eukaryotes (45) . In FIGURE 6 . Interaction of CDY family chromodomains with methyllysines embedded in ARK(S/T) motifs. A, the ARK(S/T) motifs in chromatin that are potential binding sites of CDY family chromodomains are specified. The various methyltransferases that are known to establish the different methylations are listed above each lysine residue. B, fluorescence polarization binding assays were used to determine the specificities of the CDY, CDYL2, and CDYL P1S,P2Q,A3E,L4F chromodomains to each of these peptides containing a trimethyllysine. Averages from at least three independent measurements are plotted.
both the CDY and CHD families of chromodomains, catalytic activity is physically separable from an N-terminal chromodomain that appears to link input or output signals associated with epigenetic regulation. Another role of the chromodomain may be direct participation in enzymatic activity. For example, studies on Suv91 (supplemental Fig. S3) showed deletion of the chromodomain or point mutations in the aromatic cage impaired enzyme activity (i.e. trimethylation of H3K9) despite the presence of an intact catalytic SET domain (46) . Additional studies are necessary to further dissect the catalytic function of CDY family ECH domains and subsequently investigate whether their chromodomains directly participate in enzymatic activity and/or serve to link with input/output signaling networks.
